ABSTRACT. The broadening of the injected radiofrequency (RF) line in the frequency spectra detected during the lower hybrid (LH) experiment in ASDEX is studied. The parametric decay instabilities (PDI) and the scattering due to density fluctuations are considered as possible causes of the broadening. The analysis of the parametric dispersion relation shows that parametric instabilities driven by ion sound quasi-modes have the highest growth rates, but their RF power threshold is higher than the RF power available in the experiment. This has been confirmed by the negative results of the measurements performed to detect the presence of PDI. Also, measurements of the density fluctuation behaviour during RF power injection have been made. The results obtained from observations with a microwave reflectometer and a Langmuir probe show a correlation of the fluctuations in the scrape-off plasma with the line broadening. It is concluded that the line broadening is due to scattering of the launched waves by density fluctuations whose level is enhanced, via a non-linear process, by the injected RF power.
INTRODUCTION
Plasma-wave interaction ih the scrape-off layer can prevent the penetration of radiofrequency (RF) power into the plasma core during lower hybrid (LH) current drive experiments in tokamaks. It is known that operating with cold LH resonance in the plasma core makes the launched waves ineffective in heating the plasma ions. In this regime, only parametric decay instabilities (PDI), characterized by the presence of satellites, with a typical shape, shifted by multiples of the edge ion cyclotron frequency, are observed in the frequency spectrum of an RF probe signal [l] . Moreover, during the 8 GHz LH experiment on FT, which operated only in the electron interaction regime, it was observed that the width of the pump wave frequency was related to the heating efficiency [2] . Analogous results recently obtained during the 2.45 GHz LH experiment on ASDEX also showed that the width of the line at the pump frequency is well correlated with the current drive efficiency in otherwise similar discharges, while the presence of ion cyclotron sidebands does not affect the current drive efficiency [3] . In both these experiments the plasma density was below the limit, owing to the onset of ion tail formation, which was invoked for explaining the * JET Joint Undertaking, Abingdon, Oxfordshire, United Kingdom. ** Max-Planck-Institut fiir Plasmaphysik, Garching, Germany. reduction of the wave-electron interaction [4] . Indeed, in both cases, ion tails were not observed nor was a reduced wave accessibility found to affect the heating or current drive efficiency.
In the present work we report our observation of the frequency line broadening in order to clarify the physical mechanism responsible for it. Some correlations between line broadening and low frequency plasma turbulence were observed during the current drive experiment in the Irvine Torus, as mentioned in Ref.
[SI. From the theoretical point of view, models based on multiple scattering by density fluctuations [6] or parametric instabilities [7, 81 were proposed. In Ref. [8] it was shown that a broadening of the parallel refractive index, besides the observed frequency broadening of the pump wave, can produce both the typical shape of the PDI spectra and the absorption of RF in the scrape-off plasma. Parametric instabilities have been analysed for the plasma of ASDEX, only in the ion cyclotron frequency range [9] , and the calculated threshold of PDI driven by ion cyclotron quasi-modes is in good agreement with the threshold of the ion cyclotron sidebands observed by the RF probe during the LH experiment [3] .
In this work we have extended the analysis of parametric instabilities to the range of frequencies lower than the ion cyclotron frequency. Following the linear theory, we have found a higher growth rate for channels driven by ion sound quasi-modes, but with a threshold much higher than the maximum RF power level of the experiment. We have also carried out experiments aiming at detecting the features typical of parametric decay processes in RF heated plasma, i.e. the existence of a power threshold, the dependence of the pump wave on the electric field and the role of convective losses. Our observation is that line broadening does not depend explicitly on the intensity of the pump wave electric field, but it depends only on the total injected RF power; moreover, experimental evidence of the importance of convective losses could not be obtained. Therefore, PDI can be ruled out as a cause of this phenomenon.
In a second experimental campaign, we looked for the density fluctuation level in the scrape-off plasma, both in the Ohmic phase and during the RF pulse, and compared the data for current saturation of a Langmuir probe and the microwave signal received by a reflectometer operating in the extraordinary mode. We observed a clear increase of the plasma density fluctuations with respect to the injected RF power when a certain operating plasma density was exceeded. Finally, a comparison of the signals of the RF probe and of the reflectometer showed a behaviour of the line broadening similar to that of the low frequency density fluctuations, at different operating plasma densities and LH power levels.
ANALYSIS OF PARAMETRIC INSTABILITIES
We assume a slab plasma where x, y and z correspond to the radial, poloidal and toroidal directions and the electric field of the pump wave has the form:
where Eo, and COL are the components parallel and perpendicular to the toroidal magnetic field. The pump wave decays into a low frequency mode ( U , k)r. with W , 4*;wci, W , -kzvthi, and two sidebands, (wl, k,) and (w2, k2); the selection rules hold: w1,2 = w T' w0; 
Here, Vthi,e = (2Tl,e/m,,e)1'2, Uc1,e = *eB/m,,,, bl,e = k2vthl,e/2u:,,e, I! are the modified Bessel functions, Z is the plasma dispersion function, and w~~,~ = k y~~h l , e / 2~~, , e L , are the electron and ion diamagnetic frequencies, where L, = n/( ] dnidx I). where the parallel electron drift and the E X B terms are retained. Equation (1) can be used to explore the different regimes of instabilities obtained by varying the angle 61,2 = A koL, k1,21 between the perpendicular components of the pump wave and the sideband wave. This search is necessary for finding the instability channels with lower convective losses and lower power threshold.
We have solved Eq. (1) numerically with respect to the complex frequency by assuming, for a deuterium plasma, the following profiles relevant for ASDEX:
Here, ne(0) and T,(O) are the peak electron density and the peak electron temperature, and a = 40 cm is the radius of the separatrix. The edge plasma parameters away from the separatrix are obtained by Thomson scattering and Langmuir probe measurement [ 1 11. The imaginary part of the frequency, which is the solution of Eq. (l), gives the homogeneous growth rate of the instability. For a given calculation, one of the parameters x, B, PRF, ko,, k,, k1,2L, 61,2 is assumed to be an independent parameter and the others are kept fixed. Figure 1 shows an example of typical solutions of Eq. (1) obtained for typical parameters of the scrapeoff plasma and for two different values of the angle 6,.
In the case = 0 (Fig. l(a) ) the coupling coefficient is dominated by the parallel electron drift term, while for obtained at different values of the radial abscissa, we find (see Fig. 2 ) the trend of the maximum growth rate and the corresponding frequency for = 0", with respect to the perpendicular refractive index, against the radial abscissa in the scrape-off plasma: the abscissa value varies between the separatrix x = a and the antenna mouth. It can be seen that the homogeneous growth rate is higher near the antenna mouth. From an analysis with different values of al, we have also verified that the highest growth rate is at 6, = 0".
As a general result, we have found that the maximum growth rate increases when the plasma density and the electric field intensity of the pump wave are increased and the electron and ion temperatures are decreased. In all conditions the modulus of the dielectric function of the low frequency mode is much greater than unity, so the KUCLEAR FUSION, Vo1.32. No.12 (1992) instabilities are driven by a strongly damped mode, i.e. a quasi-mode, whose frequency is found to be in the range 1-2 MHz.
We have estimated the RF power threshold of the instability by taking into account the convective losses due to the finite length of the wave launcher and the finite extent of the LH resonance cones [12, 131. We take L, as the extent of the coupler along the toroidal direction and L, as the extent in the poloidal direction, as shown in Fig. 3 . For the grill of ASDEX, where L, = 36 cm and L, = 24 cm, the plasma can be assumed to be spatially homogeneous for 70" I 6, I 90". In this limit, the spatial amplification growth factors of the sidebands are given [14, 151 by:
Here, the indices 1, 2 refer to the lower and upper sideband, respectively, y is the homogeneous temporal growth rate obtained by solving Eq. (1) and v~,~ are the group velocities of the sideband waves. The convective threshold can be estimated by the minimum RF power, which gives all amplification growth factors greater than unity.
By varying the radial co-ordinate in .the scrape-off layer, with the parallel refractive index of the sideband waves in the range no, I nl, 5 5no, (where nor is the parallel refractive index of the pump wave) and the angle in the range 70" 5 I 90", we have calculated the convective RF power threshold Pth 1 : 5 MW, which is higher than the RF power available in the experiment. These results have been obtained taking into account the tolerance in determining the plasma parameters in the scrape-off layer. For lower values of the angle, 0" I 61,2 C 70", the plasma cannot be considered homogeneous, but effects of density and temperature gradients must be taken into account. For estimating the convective threshold in this case, the amplification growth factor along the radial direction must be calculated by the following expression [16] :
Although the values of the homogeneous growth rate are highest for 61,2 = 0", in this limit we have calculated the convective threshold Pth 1 12 MW.
RF PROBE MEASUREMENT
We have carried out experiments in the deuterium plasma of ASDEX to find out what role the PDI play in the broadening of the pump wave, by looking for some typical features of the decay processes, such as the RF power threshold and the effect of the convective losses due to the finite extent of the pump wave region. These features were well observed in decay processes involving ion cyclotron waves [8, 17, 181 .
The RF system of ASDEX delivers up to 1.5 MW at a frequency of 2450 MHz and feeds a grill antenna which consists of two arrays of 24 waveguides each, arranged one on top of the other. The antenna can also be fed partially by powering the six groups of eight adjacent waveguides separately.
The RF spectra were measured with a probe inside the vacuum vessel and a spectrum analyser, and the width of the pump wave line at 10 dB below the maximum was taken as a measure of its broadening. The search for the power threshold was performed by varying the LH injected power from the maximum available one, down to about 1 kW. Figure 4 shows the behaviour of the width of the pump wave versus the injected RF power In conjiguration A , a group of waveguides is phased at A$ = 90" and the other group at A$ = -90". In the other conjigurations the phase difference between waveguides is A$ = 90".
At averaged plasma densities i, 5 2.5 x 1013 cmW3, the line width shows a small increase for injected power levels lower than 500 kW, while it increases by a factor of two for PRF = 1 MW. At i, 2 3.5 x lOI3 ~m -~, the line width shows a continuous increase when the RF power is increased from 1 kW to 1.2 MW, and there is no evidence of a threshold. The effect of the convective losses due to the finite extent of the pump wave region was tested by comparing the probe spectra obtained by using all 48 waveguides of the grill with those obtained by powering a single group of eight waveguides and keeping the total RF power constant. We compared the cases where the RF power density at the antenna mouth is the same, but the dimensions of the region of pump wave propagation are different, so the growth factor of the parametric instability is modified only by the convective losses (see Eqs (4) and (5)). The results are shown in Fig. 5 . In grill configuration A, only two groups of eight waveguides each are powered and phased for launching two independent LH cones which travel toroidally in opposite directions (A4 = 90" for the first group and A 4 = -90" for the second group). In configuration B, the two groups are phased so as to have a pump wave region with the L, dimension twice that of configuration A (A4 = 90'). In this case the convective losses along the toroidal (z) direction should be lower and the amplification growth factor A, should be a factor of two higher than what is expected in case A. In configuration C, we look for the convective losses along the poloidal (y) direction, and the groups of waveguides are phased so as to have an L, dimension twice that of configuration A, and the growth factor A, is higher than in this configuration. The results obtained show that the different spatial extents of the pump wave region, produced at a fixed level of the total RF power, do not affect the line broadening; thus, we can exclude any effect of convective losses on PDI in determining the line broadening. Comparing the results obtained with grill configuration D (all 48 waveguides powered) at 1 MW with those of configuration C at 300 kW, we note that the line width in configuration D is about a factor of 1.4 higher, in spite of the fact that in both configurations the RF power density is about the same. This result is in contrast with theory, where a dependence of the broadening on the RF power density is expected.
In conclusion, because of the very high RF power threshold of parametric instabilities expected from linear theory for the plasma parameters of ASDEX and taking into account the experimental results concerning the RF power threshold and the convective loss effect, it can be excluded that PDI, as described by linear theory, affect the behaviour of pump wave broadening.
SCATTERING OF LH WAVES BY DENSITY FLUCTUATIONS

Model analysis for stationary fluctuations
The scattering of LH waves by stationary plasma density fluctuations was studied by Ott [19] and Andrews and Perkins [6]. The behaviour of the line broadening observed by the RF probe can be related to the rms frequency width of the LH waves reflected by the scattering layer, which turns out to be proportional to -20 the optical depth, defined as the integral of the inverse scattering length l' s-' [6] dE-:L where to is the inverse scale length of the drift wave fluctuations, a is the plasma minor radius, U,,,, is the ion plasma frequency evaluated at the plasma centre, and the ion Larmor radius, the ion temperature and the ion cyclotron frequency are evaluated near the scrapeoff plasma; a parabolic density profile is assumed, and the correlation length for drift wave density fluctuations is assumed to scale as the ion gyroradius, so that t o p , is a constant of the order of unity. For ASDEX parameters we have calculated (w -= 300 kHz, which is of the order of the drift wave frequency and also the frequency line width of the RF probe signal observed in ASDEX for low operating plasma densities and LH power levels. Nevertheless, the observed dependence of the line broadening on the LH power is not expected in this model, where only stationary plasma density fluctuations are considered.
Observation of density fluctuations during LH injection
Information on the density fluctuation behaviour in the Ohmic phase [20] and during the RF pulse has been obtained from a frequency analysis of the ion saturation current detected by a Langmuir probe located 3 cm outside the separatrix. In Fig. 6 we compare frequency spectra observed during the Ohmic and the LH injection phases for discharges in deuterium plasma at I, = 320 kA and B, = 2.2 T, with different plasma densities, E, = 1.4 X lOI3 cm-3 and ne = 3.4 x lOI3 ~m -~. For one spectrum, a large fluctuation level is detected; this level decreases with increasing frequency, but is higher than noise up to 1 MHz. The fluctuating current in the low frequency range is about 4 dB higher at the higher operating density. Injection of the RF power produces a slightly different behaviour for the two densities. At low density (Fig. 6(a) ), injection of 100 kW of LH power does not produce any detectable variation, while a 3 dB and a 15 dB increase in the whole spectrum is observed with injection of 550 kW and 940 kW, respectively. At high density (Fig. 6(b) ), a continuous increase in the fluctuation level is found, starting from very low RF power values; an increase of 18 dB with respect to the Ohmic phase is found with injection of 830 kW at 500 kHz. Although the lack of data for the ion temperature in the scrape-off plasma during RF power injection does not allow the density fluctuation level to be calculated from the ion saturation current, the increase in the fluctuating saturation current can nevertheless be attributed mainly to an increase in the density fluctuation
Considering all the measurements available, we can conclude that, by operating at ne = 1.0 x lOI3 ~m -~, a 50% increase in the saturation current fluctuation is obtained when the 350 kW RF power threshold is exceeded; in order to have the same effect for operation at he = 3.4 x 1013 ~m -~, only a few kW are sufficient. This behaviour is independent of the nll spectrum of the launched waves.
More direct information on the density fluctuation has been obtained with a microwave reflectometer operating in the extraordinary mode [21] . When a fixed frequency of 64 GHz and a magnetic field of 2.8 T are used, the cut-off density is equal to 2.9 x 10l2 ~m -~ and the position of the reflecting layer can be constructed with good precision from the stationary density profile. When it is assumed that the microwave signal comes mainly from the cut-off reflecting layer, a frequency analysis of the received signal can give information about the density fluctuation in this layer. The transmitting and receiving antennas are installed in the equatorial plane on the low field side of the tokamak, 5 cm away from the LH grill. Figure 7 shows the microwave signals received by the reflectometer during two plasma discharges at different plasma densities, after fast Fourier analysis. The plasma current and the toroidal magnetic field are I, = 400 kA and B, = 2.8 T; at a plasma density ne = 2.8 x 1013 cmW3 (Fig. 7(a) ) the reflecting layer is located about 1 cm outside the separatrix, near the antenna; at he = 5.6 x 1013 ~m -~ (Fig. 7(b) ) the distance between the reflecting layer and the separatrix is increased to about 3 cm. The amplitude of the detected signal at lower frequencies is 3 dB lower at the lower operating density and this can be attributed to the increased distance of the reflecting layer from the antenna; moreover, the spectral shape is slightly broader at high density.
( Fig. 7(a) ), the signal does not show any change in the fluctuation level for an LH power lower than 100 kW, while a 7 dB increase at 500 kHz is produced with 1 MW. At higher operating density ( Fig. 7(b) ), 10 kW of LH power give a 2 dB increase of the fluctuation level at 500 kHz with respect to the Ohmic phase; at 100 kW the increase is 4 dB. Whenever we used fast acquisition timing, we observed that the fluctuation spectrum decreased monotonically until the noise level was reached. In addition, having considered all the available measurements, we did not find any dependence on the injected nll spectrum. (a) P, = 10 kW, (b) P, = 100 kW, (e) P, = 1 MW. NUCLEAR FUSION, Vo1.32, No.12 (1992) An analysis of the signal collected by the RF probe was performed during the fluctuation measurements. Figure 8 shows the frequency spectra around the injected LH frequency during the same plasma shot as in Fig. 7(a) . The line width does not change during the RF power steps, up to 100 kW, but at 1 MW it increases by a factor of 1.7.
The line broadening of the RF probe signal can be compared with the enhancement of the reflectometer signal observed during LH injection. Figure 9 shows the level of the reflectometer signal at 0.5 MHz and the RF probe signal at 2450 + 0.5 MHz for different values of injected RF power during the same plasma discharge. The signal of the RF probe is normalized to the level at 2450 MHz, which is the frequency of the injected RF power. We observe that the behaviour of the two signals is very similar, with no significant variation up to 100 kW and an increase of about 7 dB during the 1 MW pulse. Such a similar behaviour of the RF probe signal and the reflectometer signal, when the RF power level is varied, has also been observed in plasma discharges at different averaged plasma densities. From this we can conclude that the line broadening of the RF probe signal and the enhancement of the density fluctuation observed in the scrapeoff plasma by the reflectometer are strongly correlated phenomena.
COMMENTS AND CONCLUSIONS
The frequency analysis in the range 0-1 MHz of the ion saturation current of the Langmuir probe indicates that LH power injection enhances the turbulence in the scrape-off plasma of ASDEX. The minimum RF power that is required for detecting some enhancement depends on the operating plasma density; it is about 100 kW at ne = 1.4 X lOI3 ~m -~ and a few kilowatts at ne h 3.5 X l O I 3 ~m -~. This result disagrees with the observation on Alcator C, where no modification of the probe saturation current was observed during the LH pulse [17] .
The frequency analysis of the signal amplitude of the reflectometer can be related to the fluctuation behaviour of the reflecting layer. Similar to what is found with the Langmuir probe, the density fluctuations increase in the scrape-off plasma when the LH power exceeds a certain value, which increases with decreasing plasma density. At ne = 4.5 x 1013 ~m -~, about 100 kW of LH power increases the density fluctuation level at 500 kHz by a factor of three; at ne = 2.3 x IOl3 ~m -~, with the other parameters fixed, 1 MW is necessary to obtain the same increase. Whether the phenomenon is localized or not in the plasma region where the RF power propagates is an open question [22] . Although no data are available on the same shots for a comparison between the results of the reflectometer and those of the Langmuir probe, the fluctuations in the scrape-off plasma during LH injection show a similar trend in both diagnostics.
The line broadening of the RF probe signal in the LH frequency range has shown a behaviour that depends on the averaged plasma density and the LH power level. At low densities, ne I 2 x IOI3 ~m -~, the line width does not change when the RF power is increased, up to about 500 kW, while at higher densities, 5, 2 3 X 1013 ~m -~, the line broadening increases continuously, starting from a few kW. Variations of the same amount are also observed in the spectra of the RF probe signal and the reflectometer signal, during the same plasma shots.
Neither the linearized models of parametric instabilities [7, 81 nor the model of multiple scattering by density fluctuation [6] give a satisfactory description of the observed behaviour of pump wave broadening during the LH experiment on ASDEX. Indeed, the RF power threshold expected for parametric instability driven by ion sound quasi-modes is calculated to be a few MW for all operating conditions of ASDEX, although an important line broadening is already observed above 1 kW for ne 2 3 X 1013 ~m -~, Furthermore, no explicit dependence of the line width on the intensity of the pump wave electric field is observed. On the other hand, the multiple scattering model does not predict any dependence of the line broadening on the injected RF power.
--
The observation of the RF probe signal and the reflectometer signal shows that the injected RF power can induce an enhancement of the fluctuations and broaden their frequency spectrum. In order to describe such a phenomenon, a non-linear theory has to be applied which considers self-consistently the dependence of the density fluctuations on the LH power, taking into account third-order contributions in interactions between the fluctuation field and the field of the induced oscillations [23].
The observed effect of the LH power on the density turbulence suggests that line broadening is due directly to scattering on density fluctuations, whose frequency spectrum becomes broadened when the LH power exceeds a certain value, which depends on the plasma density. The characteristics of this phenomenon indicate that a non-linear interaction between the launched wave and the scrape-off plasma can occur in plasma regions that are relevant for LH current drive experiments.
